D
uring the past several years, neuropsychological assessment has become an integral part of comprehensive concussion management programs (7, 8, 15) . The majority of research suggests that acute concussion is associated with measurable cognitive deficits that typically resolve within 1 month after the injury (9, 14, 17, 19) . However, there is evidence to suggest that newly concussed athletes who have a history of previous concussion may take longer to recover than concussed athletes with no history of previous concussion (13, 22) . This may be particularly true of adolescents and younger athletes (16, 18) . Moreover, some studies have found that athletes with a self-reported history of multiple concussions may have longlasting cognitive deficits. High school athletes, collegiate athletes, and jockeys with a history of 2 or more distant concussions demonstrate deficits on traditional neuropsychological measures when compared with control athletes with no history of concussion (6, 16, 18, 26) .
The use of comprehensive computer-based neuropsychological batteries has largely supplanted the use of traditional neuropsychological measures in most concussion management programs. Studies using computer-based tests to examine the association between concussion history and neuropsychological functioning have produced mixed results. In a study examining recovery from concussion, Iverson et al. (13) noted a trend suggesting that athletes with a history of 2 or more distant concussions perform more poorly on a computerized test of memory than athletes with no history of concussion at baseline. In contrast, several recent studies have found no association between concussion his-
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tory and performance on computer-based neuro psychological tests (3, 5, 12, 24) .
In summary, most large-scale studies using traditional neuropsychological measures have found that athletes who experience multiple concussions may have longstanding cognitive deficits. In contrast, most studies using computer-based neuropsychological batteries have found no relationship between concussion history and cognitive functioning. Consequently, it has been suggested that computer-based tests cannot detect subtle lingering deficits among athletes who have experienced multiple distant concussions (3). Alternatively, findings from these studies have been used to support the position that multiple concussions do not have a lasting impact on cognitive functioning (12) .
In the present investigation, we examined the association between self-reported concussion history and neuropsychological performance in 3 large multisport collegiate samples. In Study 1, we examined the association between self-reported concussion history and performance on a common computerbased test of cognition. In Study 2, we examined the association between self-reported concussion history and performance on traditional neuropsychological measures of cognitive functioning. In Study 3, we examined the association between selfreported concussion history and performance in a sample of athletes who underwent both computer-based and traditional neuropsychological evaluation.
STUDY 1 (COMPUTERIZED TESTING)
In the first study, we examined the association between self-reported concussion history and performance on the computerized Immediate Post-concussion Assessment and Cognitive Testing (ImPACT) test.
Patients and Methods

Participants and Procedure
We administered a commonly used computerized battery of cognitive tests (ImPACT) and questionnaires to 858 male collegiate athletes who participated in collegiate football (n ϭ 462), ice hockey (n ϭ 90), lacrosse (n ϭ 92), soccer (n ϭ 66), wrestling (n ϭ 64), basketball (n ϭ 40), water polo (n ϭ 38), and rugby (n ϭ 6). On average, participants were 19.4 years old (standard deviation [SD], 1.13) with 12.85 years of education (SD, 1.11). All athletes were tested at baseline as part of an ongoing concussion management program. Athletes met inclusion criteria for these analyses if they denied a history of concussion in the previous 6 months, spoke English fluently, and reported no history of learning disability.
Measures
ImPACT is a computerized assessment tool that was specifically designed to assess the cognitive sequelae of concussion. Various studies have shown that recently concussed athletes perform more poorly on ImPACT subtests than uninjured athletes (14, 21) . Given the longitudinal design of this study, 2 versions of ImPACT were used (Versions 1 and 2). Only composite variables common to both versions (Verbal Memory, Visual Motor Speed, and Reaction Time) were used in the present analyses. Higher scores on the Verbal Memory and Visual Motor Speed composite scales reflect better performance. Higher scores on the Reaction Time scale reflect slower or worse performance. ImPACT also includes a brief questionnaire that collects information regarding history of previous concussions and various demographic characteristics.
Results of Computerized Testing
The majority of participants reported no history of concussion (n ϭ 560). Thirty-five percent of athletes reported a history of 1 or more concussions, 196 participants reported a history of 1 concussion, 42 participants reported a history of 2 concussions, and 60 participants reported a history of 3 or more concussions (mean, 3.58 concussions; SD, 1.12). Eighty-two participants reported loss of consciousness stemming from a concussion, 111 participants reported anterograde amnesia, and 70 participants reported retrograde amnesia. Participants with a history of concussion were older (19. 
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ance on these cognitive scales. Additional descriptive statistics are shown in Table 1 . Multiple analysis of variance (MANOVA) revealed no significant differences in cognitive performance between athletes with a history of no previous concussions and a history of 1 or more previous concussions on the Verbal Memory, Reaction Time, and Visual Motor Speed scales of ImPACT (Pillai's Trace ϭ 0.00, F [3, 854] ϭ 0.76, P ϭ not significant, η 2 ϭ 0.00). Similarly, MANOVA revealed no significant differences in cognitive performance among athletes with a history of no previous concussion, 1 concussion, 2 concussions, or 3 or more concussions (Pillai's Trace ϭ 0.01, F [9, 2562] ϭ 0.92, P ϭ not significant, η 2 ϭ 0.00). Because of a violation of the assumption of covariance matrix homogeneity (Box's M ϭ 64.22, F [18, 92332 .63] ϭ 3.51, P Ͻ 0.001), individual follow-up analyses of variance (ANOVA) were also used. ANOVA revealed no significant between group differences in verbal memory (F[3, 854] ϭ 1.40, P ϭ not significant, η 2 ϭ 0.01) and visual motor speed (F[3, 854] ϭ 0.2, P ϭ not significant, η 2 ϭ 0.0). Because of a violation of Levene's test (P Ͻ 0.001), nonparametric statistics were used to examine the association between concussion history and performance on the reaction time scale. Kruskal-Wallis testing revealed that concussion history was not significantly associated with performance on the Reaction Time subscale (χ 2 ϭ 1.12, P ϭ not significant).
Comment
Consistent with previous studies, results of this large-scale study indicate no significant association between self-reported concussion history and performance on a computer-based neuropsychological battery (3, 5, 24) . These findings lend support to the argument that, on average, college athletes who report a history of 1 or more concussions recover fully and/or experience very mild, undetectable deficits in neuropsychological functioning. However, it is also possible that, unlike traditional neuropsychological tests, computer-based tests fail to effectively measure long-term deficits caused by concussion. Computer-based tests and traditional neuropsychological tests can measure vastly different neurocognitive constructs. For instance, traditional tests are typically more reliant on free recall assessment of memory (e.g., recalling previously presented word lists), whereas computer-based tests are more reliant on less demanding forced-choice recognition memory paradigms. In general, the literature suggests that free recall tasks are more difficult than recognition tasks.
STUDY 2 (TRADITIONAL TESTS)
In the next study, we examined the association between self-reported concussion history and performance on a traditional neuropsychological battery.
Patients and Methods
Participants and Procedure
We administered a concussion history questionnaire and the Pennsylvania State University Concussion Battery (9) , which consists of traditional neuropsychological measures of memory, information processing speed, mental flexibility, and executive functioning to 479 male collegiate athletes. Athletes in the sample participated in collegiate football (n ϭ 180), ice hockey (n ϭ 95), soccer (n ϭ 59), lacrosse (n ϭ 22), rugby (n ϭ 26), basketball (n ϭ 19), baseball (n ϭ 28), swimming (n ϭ 24), wrestling (n ϭ 18), and tennis (n ϭ 8). A subset of 257 participants also completed a measure of verbal list learning and recall. As a proxy for general intellectual abilities, we were able to obtain verified Scholastic Aptitude Test (SAT) scores for 415 student athletes. All athletes were tested at baseline as part of an ongoing concussion management program. Athletes met inclusion criteria if they denied a history of concussion in the previous 6 months, spoke English fluently, and reported no history of learning disability.
Measures
Concussion history was obtained by self-report on the Previous Head Injury Questionnaire. The Previous Head Injury Questionnaire assesses the number of concussions someone has experienced, the circumstances surrounding the concussions, symptoms, and treatment. Aspects of speed of information processing and executive functioning were assessed using a subset of traditional neuropsychological tests, which have been described in detail elsewhere (9) . Visual motor speed was measured using the Symbol Digit Modalities Test (23) . Higher scores on the Symbol Digit Modalities Test indicated better performance. Verbal processing speed and divided attention were measured using the Color and Color-Word versions of the Stroop test, respectively (25) . The times needed to name all 112 words (Stroop Color) and colors (Stroop Color-Word) were the dependent variables. Verbal fluency was measured using the Controlled Oral Word Association Test (2) . Visual sequencing and mental flexibility were measured using the Trails A and B subtests from the Trail Making Test (20) . Verbal learning and recall were measured using the Hopkins Verbal Learning Test (1).
Results of Traditional Tests
The majority of participants reported no history of concussion (n ϭ 292). Thirty-nine percent of athletes reported a history of 1 or more previous concussions, 119 participants reported a history of 1 concussion, 41 participants reported a history of 2 concussions, and 27 participants reported a history of 3 or more concussions (mean, 3.81 concussions; SD, 1.55). Detailed descriptive information was obtained for 147 concussions. Forty-eight percent of these concussions resulted in loss of consciousness, 30% were associated with anterograde amnesia, and 20% were associated with retrograde amnesia. Participants with a history of concussion were older (19. Table 2 .
MANOVA revealed no significant differences in cognitive performance between athletes with a history of no previous concussions and a history of 1 or more previous concussions (Pillai's Trace ϭ 0.01, F [6, 472] ϭ 0.89, P ϭ not significant, η 2 ϭ 0.01). Similarly, MANOVA revealed no significant differences between athletes with a history of no previous concussion, 1 concussion, 2 concussions, and 3 or more concussions (Pillai's Trace ϭ 0.032, F [18, 1416] ϭ 0.84, P ϭ not significant, η 2 ϭ 0.01). Exploratory follow-up examination of post-hoc Tukey's tests revealed no significant between-group differences for any of the individual neuropsychological tests. Because athletes with a history of concussion were slightly older and had higher SAT scores, we repeated the aforementioned analyses and entered age and SAT scores as covariates. Results were similar to those obtained above; no significant relationship was found between concussion history and neuropsychological test performance.
Next, we examined the subsample of participants who received the Hopkins Verbal Learning Test. ANOVA (F[2, 254] ϭ 1.78, P Ͼ 0.1) and ANOVA controlling for age and SAT score (F [2, 203] ϭ 0.87, P Ͼ 0.1) revealed no significant differences in learning. ANOVA (F[2, 253] ϭ 1.29, P Ͼ 0.1) and ANOVA controlling for age and SAT score (F[2, 204] ϭ 0.03, P Ͼ 0.1) revealed no significant differences in delayed recall.
Comment
Unlike previous studies, self-reported concussion history was not associated with performance on traditional neuropsychological tests in this large collegiate sample. These findings lend credence to the hypothesis that a self-reported concussion history may not be related to neuropsychological functioning. However, several differences exist between this study and studies that have found a detrimental effect of multiple distant concussions. Wall et al. (26) found a significant relationship between neuropsychological performance and concussion history in a mixed-sex sample of jockeys in their mid-20s and 30s. Jockeys were included if they had not experienced a concussion in the previous 3 months. Possible reasons for our null findings include the exclusive use of young men and a more conservative inclusion criterion (no concussion in the previous 6 months and no history of learning disability). Moreover, it is possible that the types of concussions that jockeys experience are more severe than the concussions typically experienced in collegiate sports. It is also possible that repeated concussions may have delayed cognitive effects that emerge as athletes age.
Moser and Schatz (16) and Moser et al. (18) found a relationship between concussion history and neuropsychological test performance in a sample of high school athletes. Concussion history was obtained by clinician interview after a thorough explanation of the American Academy of Neurology definition of concussion. It is possible that the long-term effects of concussion are more pronounced among adolescents. Alternatively, our use of a concussion questionnaire may have contributed to an inaccurate reporting of concussion history. For instance, athletes may be unaware of typical concussion symptoms, and they may underreport their concussion history. As a result, studies that rely on self-reported concussion history may inadvertently group previously concussed athletes with athletes who truly have never experienced a concussion. In short, it may be that concussion has long-term cognitive sequelae, but these can only be documented through clinical interview and when athletes are fully informed of the strict diagnostic criteria for concussion.
Collins et al. (6) found a significant relationship between concussion history and traditional neuropsychological measures in a sample of collegiate football players. They also found an interaction between learning disability and concussion history. People with a history of concussion and learning disability performed worse than people with a history of concussion and no learning disability. The present investigation excluded athletes who reported a history of learning disability. It may be that con- 
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cussion has long-term effects among athletes with learning disabilities, but relatively negligible long-term effects among athletes with no premorbid learning disabilities. It is also possible that concussion history negatively impacts cognition among samples of football players, but not other collegiate athletes.
STUDY 3 (ImPACT and Traditional Tests)
It is possible that differences in our study samples could account for the lack of significant findings for ImPACT and traditional neuropsychological tests. In the final study, we examined the association between self-reported concussion history and cognitive performance in a separate sample of athletes who received both computer-based and traditional neuropsychological tests.
Patients and Methods
Participants and Procedure
We administered ImPACT and the Pennsylvania State University Concussion Battery (including the Hopkins Verbal Learning Test) (9) to 175 male collegiate athletes. Athletes in the sample participated in collegiate football (n ϭ 59), ice hockey (n ϭ 49), soccer (n ϭ 20), lacrosse (n ϭ 20), rugby (n ϭ 14), and basketball (n ϭ 13). We obtained verified SAT scores for 162 student athletes. All athletes were tested at baseline as part of an ongoing concussion management program. Athletes met inclusion criteria if they denied a history of concussion in the previous 6 months, spoke English fluently, and reported no history of learning disability.
Results of ImPACT and Traditional Tests
One hundred eighteen participants reported no history of concussion. Thirty-three percent of athletes reported a history of 1 or more previous concussions, 43 participants reported a history of 1 concussion, and 14 participants reported a history of 2 or more concussions (mean, 2.21 concussions; SD, 0.58). Twenty-eight percent of concussions resulted in loss of consciousness; 22% of concussions were associated with anterograde amnesia, and 11% were associated with retrograde amnesia. Participants with a history of concussion had higher SAT scores (1169.13 Ϯ 150.29 versus 1095.06 Ϯ 156.14; t[160] ϭ 2.88; P Ͻ 0.01) than participants without a history of concussion. Additional descriptive statistics are shown in Table 3 .
MANOVA revealed no significant differences in traditional neuropsychological test performance or ImPACT performance between athletes with a history of no previous concussions and a history of 1 or more previous concussions (Pillai's Trace ϭ 0.01, F [8, 166] 
DISCUSSION
Neither traditional neuropsychological measures nor a widely used computer-based test battery were associated with a history of self-reported concussion. Given the large sample sizes and very small observed effects, these findings strongly suggest that a history of multiple self-reported concussions has little to no impact on long-term cognitive functioning among collegiate male athletes. These results are generally in line with research showing that the neurocognitive symptoms of concussion typically resolve over a period of several days (9, 14, 17, 19) . Even though the findings are quite consistent with respect to negligible observed effects across different measurement paradigms, there are several limitations to this set of studies that should be considered. Although the percentage of athletes in this study who reported a history of concussion is similar to those reported in previous studies using the same methodology among collegiate athletes, it is possible that athletes misreported their history of concussion (3, 12) . Ideally, a self-reported concussion history would be prospectively examined or corroborated by medical chart review. Alternatively, previously concussed high school athletes with ongoing cognitive problems may not go on to participate in collegiate athletics. As such, the long-term cognitive impact of repeated concussion in collegiate samples could be obscured through attrition. Attrition may help explain why the association between concussion history and impaired neuropsychological functioning has typically been more pronounced among high school athletes when examined using cross sectional designs.
Even though our group data indicate that there do not appear to be long-lasting neurocognitive deficits, it is recognized that, at the individual level, there exists a small group of athletes who experience long-term cognitive changes as a result of concussive injury (4, 13) . These deficits are perhaps most commonly cited among boxers with dementia pugilistica. However, there are recent findings in the literature that American professional football players may experience significant declines in cognitive functioning many years after concussive injuries. For example, retired professional football players with a history of 3 or more self-reported concussions were more likely to be diagnosed with preclinical Alzheimer's disease than retired football players without a history of concussion (11) . Clearly, additional prospective research is needed to examine the long-term effects of repeated concussion in athletics.
Given the discrepancies in the literature, it is important to evaluate whether moderator variables have a significant impact on neurocognitive functioning after concussion. In other words, 
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it is possible that several factors interact with concussion history and cause negative long-term cognitive sequelae. For instance, the long-term effects of concussion could vary depending upon premorbid cognitive reserve, type of injury, history of learning disability, genetic predisposition, age, sex, spacing or timing of concussions, or other, as-yet-unidentified risk factors (10) . The potentially deleterious effects of repeated concussion warrant further study to develop scientifically valid management protocols and return-to-play decisions.
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